A nano-optomechanical (NOM) system offers an unprecedented opportunity and development in laboratories worldwide. Optomechanical effects in a nanostructure provide new, alternative opportunities to achieve efficient nanophotonic devices without nonlinear crystals, inscrutable waveguides, and optofluidic circuitry. 1 The advantage of a NOM system is that the optomechanical effects become more substantial at the nanoscale making innovative applications feasible, such as the detection of gravitational waves. 2, 3 Optical force, which was induced by an optical momentum exchange between light and matter, plays a key role in a NOM system. The optical gradient force, which arises from near field effects, 4 acts transversely to the light propagation direction and increases by orders of magnitude in evanescent coupled waveguides. 5 The increase can be attributed to a greatly enhanced gradient in the near field. 6 Micro-/nanofiber (MNF) has advantages such as nanosize, excellent flexibility, and strong evanescent field. 7 The MNF has been used in the research of fundamental physical problems, 8 such as the Abraham-Minkowski dilemma [9] [10] [11] [12] and the application of an optical force. 13 In previous research, the light-driven mechanical motion of MNF was phenomenally observed by microscopy but could not be measured accurately and quantitatively. Since the optical momentum exchange caused by an optical force of a few femtonewtons was weak, it is critical to measure the motion of the MNF in the investigation of optical momentum and optical force.
Conventional methods reported to measure nanoscale motion include a position sensitive detector (PSD), 14 a linear variable differential transformer (LVDT), 15 and fiber Bragg grating sensors (FBGs). A PSD requires complicated electronic circuits, and its resolution only reaches the microscale. LVDT is relatively large in physical size and heavy in weight. A FBG sensor must be mounted on the target and is not suitable for noncontact measurements in a NOM system. In this paper, a fiber-taper NOM system was constructed based on a MNF and a glass substrate (GS). The nanomechanical motion measurement system consists of a microscope and a white light source, which was designed, fabricated, and demonstrated. Due to the interference between the MNF and the GS, the change of the gap distance between the MNF and GS leads to a shift of the interference pattern. The relationship of the pattern shift and the MNF mechanical motion was investigated in detail. The developed nanomechanical motion measurement system was calibrated with a NOM system pumped with different optical power levels. The accuracy and long term stability of the nanomechanical motion measurement system were also evaluated.
The schematic diagram of the experimental system is shown in Fig. 1(a) , where h is the tilted angle between MNF and GS and g z is the gap between the MNF and the GS. The variation of the gap can be described as the function g(z) ¼ g 0 þ z tan h, where g 0 is the initial gap between the MNF and the GS at z ¼ 0. The optical fieldẼ in with a wavelength range of 300-750 nm illuminates the MNF and GS from the top.Ẽ r1 andẼ r2 will be reflected from the top surfaces of the MNF and the GS, respectively. The pattern intensity I r (z, k) induced by the interference ofẼ r1 andẼ r2 can be written as
where n and d are the refractive index and diameter of the MNF, respectively. a 1 and a 2 are the additional phases induced by the reflection from the MNF and the GS, respectively. The intensity varies sinusoidally along the z direction with a spatial period
The interference pattern shift DL in the z positive direction can be described by DL ¼ ÀDg/tan h. The minus sign indicates a pattern shift in a positive direction of z. As a result, the mechanical motion of MNF leading to the gap change on a nanometer scale can be measured by the pattern shift with an optical microscope. The experimental setup is shown in Fig. 1(b) . The used tapered fiber was fabricated by stripping off its coating of an $3 cm section of single-mode fiber (SMF). The stripped section of the SMF was suspended by fixing its two sides on two translational stages. The suspended section was heated by a flame and was elongated by moving the two stages in the opposite direction until tapered fiber reaches a diameter of <1 lm. The MNF is fixed by means of an UV-cured adhesive on a U-shape holder. A wedge GS driven by a piezoelectric transducer (PZT) was positioned under the MNF with a tilted angle h. The gap between the MNF and the GS can be changed by the PZT with increments of 1 nm. A 1458 nm laser with a maximum power of 300 mW was used as a pump light source to drive the MNF in order to generate an evanescent field induced displacement. The output P out of the MNF was monitored using a photodetector (PD). A white light source with an emitting wavelength range of 300-750 nm was used to illuminate the MNF. A microscope with a 20Â objective (numerical aperture ¼ 0.4) and a 16 bit-color charge-coupled device (CCD) are used to record the shift of the color pattern on the MNF. The peak of the GS is adjusted below the middle of the suspended MNF using a three-dimensional translational stage. The initial gap g 0 between the MNF and GS can be finely adjusted to $1.7 lm until the color pattern was observed by a CCD. The PZT and the GS were mounted on an angle adjuster capable of a precision of 0.001 . The microscopic image taken by the CCD is shown in Fig. 2 . The interaction length of the MNF is $55 lm. The diameter of the MNF was measured to be 0.86 lm. To obtain the linear relationship between a shift DL and a gap change Dg, the GS is precisely moved close to the MNF by a PZT, leading to a corresponding decrease in the gap size. The tilted angle h is set to 0. In the experiment, the green component is regarded as the reference beam due to its highest intensity and signal-to-noise ratio. As a result, the color pattern will shift along the z direction as the gap decreases.
The relationship between the shift DL and the gap change Dg was verified for various tilted angles h. The linear fitting of three groups of 
FIG. 2. (a)-(e)
Microscopic images of the color pattern for Dg ¼ 0 nm, À50 nm, À100 nm, À200 nm, and À400 nm, respectively. (f)-(j) The RGB component distribution along the MNF for Dg ¼ 0 nm is À50 nm, À100 nm, À200 nm, and À400 nm, respectively.
Dg as a function of DL is shown in Fig. 3 . According to Eq. (2), the tilted angles are calculated to be 0. 3 , 0.4 , and 0.8 . The R 2 values for h ¼ 0. 3 , 0.4 , and 0.8 are 0.997, 0.999, and 0.998, respectively, indicating a good linearity. The slopes of the three curves show that the sensitivity of the system is 2.469 lm/nm, 1.879 lm/nm, and 0.724 lm/nm, respectively. Since the minimum resolvable distance of the microscope with an objective lens of a NA ¼ 0.4 is $0.9 lm, the estimated optimum resolution of displacement is 0.365 nm according to Abbe's limit.
To verify the measurement of the mechanical motion induced by the NOM system, a pump laser with a wavelength of 1458 nm was coupled into the MNF. The pump light propagated along the MNF and the optical energy was evanescently coupled into the GS, leading to a momentum exchange between the MNF and the GS. Subsequently, repulsive optical force exerted on the MNF and pushed the MNF away from the GS on a nanoscale. The increase in the gap Dg leads to a shift DL of the color pattern. Since the effective pump power in the MNF is $10 À6 W, the contribution of the photothermal effect can be ignored.
To evaluate the optomechanical efficiency of the nanomechanical motion measurement system, the displacements of MNF in the NOM system pumped by different powers were measured. To obtain the exact pump power in the MNF, the optical loss between the pump laser, SMF, and MNF was measured first. Before the fabrication of the MNF, the output power P o1 from the SMF was 3.8 mW with a pump power of 5 mW, corresponding to a fiber coupling efficiency of 76%. After fabrication of the MNF, the transmitted power of the MNF decreased to 0.19 lW which can be measured by cutting off the MNF in the middle, corresponding to an optical loss of 42.98 dB. The output power from the pump laser was set to be 110 mW, 150 mW, 190 mW, and 230 mW corresponding to 5.58 lW, 7.61 lW, 9.64 lW, and 11.67 lW in the MNF, respectively. For each pump power, the laser is turned on and off once with the result that the color pattern moves back and forth. As shown in Fig. 4 , the color patterns with and without pump lasers were extracted from a video which was recorded by a CCD.
As shown in Figs. 4(c), 4(d), 4(g), and 4(h), the green component distributions along the MNF were extracted. The dotted lines and solid lines in Fig. 4 denote the green component distributions without and with pump light, respectively. The measured shifts of the color pattern DL are 4.37 lm, 5.89 lm, 9.64 lm, and 11.67 lm for the pump power at 5.58 lW, 7.61 lW, 9.64 lW, and 11.67 lW, respectively. Using a sensitivity of 2.469 lm/nm for h ¼ 0. 3 , the shifts can be converted into the MNF mechanical motion induced by the corresponding evanescent field.
In the case of h ¼ 0.3 , 0.4 , and h ¼ 0.8 , the linear relationship between MNF mechanical motion and pump power is plotted in Fig. 5 12.3 nm/lW, and 20.5 nm/lW, respectively. According to Fig. 5(b) , the larger tilted angle leads to a higher optomechanical efficiency, which indicates that a stronger repulsive optical force was generated.
In order to obtain the accuracy and stability of the nanomechanical motion measurement system, the fiber taper motion in the NOM system pumped by different laser output powers was repeatedly measured ten times. Figure 6 (a) shows the measurements of the fiber nano-optomechanical displacements at pump powers of 1.51 lW, 3.55 lW, 5.58 lW, 7.61 lW, 9.64 lW, and 11.67 lW, respectively. The fluctuations of displacements can be attributed to the fluctuations of both the air and the pump power. As shown in Fig.6(b) , standard deviations for the pump powers of 1.51 lW, 3.55 lW, 5.58 lW, 7.61 lW, 9.64 lW, and 11.67 lW are 2.77 nm, 2.56 nm, 4.88 nm, 4.57 nm, 3.61 nm, and 3.20 nm, respectively. As a result, when the maximum displacement of the fiber reached $100 nm, the standard deviation was $3 nm, corresponding to an error of 63%.
In conclusion, a nanomechanical motion measurement system, which consisted of a microscope and a white light source, was demonstrated to be able to measure the light-driven mechanical motion of a micro/nanofiber (MNF) in a fiber-taper nano-optomechanical (NOM) system. The gap distance between the MNF and the GS was accurately measured by the interference pattern shift induced by the MNF and GS surface. The experimental results show that the color pattern has a linearity of >99% with the mechanical motion of the MNF. A minimum measureable MNF displacement of 0.356 nm was achieved with a tilted angle of 0. 3 . The NOM measurement system is used to measure the mechanical motion of the MNF in a fiber-taper NOM system pumped by a 1458 nm laser. The linearity between the obtained color pattern shift and the MNF mechanical motion for tilted angles of 0.3 , 0.4 , and 0.8 is 0.997, 0.999, and 0.998, respectively. The optomechanical efficiency of the measurement system increased with different pump power levels. The results show that for a tilted angle h of 0.8 , the optomechanical efficiencies of the measurement system reached up to 20.5 nm/lW. Repetitive experiments show a good accuracy and stability of the measurement system. The proposed mechanical measurement system can not only provide the nondestructive measurement of nanometric displacement in a NOM system but also provide an alternative ultrasensitive way to sense and measure an ultraweak force.
See the supplementary material for the pattern shift recorded by the CCD with a pump power of P ¼ 7.61 lW.
